1. Introduction {#s0005}
===============

Sulfonamides were the first drugs with a selective effect on bacteria, and could be systemically used against bacterial infections [@bib1]. They are commonly applied for human and veterinary use due to their ability to inhibit gram-positive and gram-negative bacteria, as well as protozoa [@bib2]. In humans, common infections treated by sulfanilamide (SFD) drug include urinary tract infections, vaginal infections, strep throat and some staph infections [@bib3]. Recently, SFD residues in the aquatic environment have become one of the most concerning issues in public health. They exhibit potential toxicity to human beings and aquatic organisms, and are responsible for the emergence of antibiotic resistant bacteria [@bib4]. Although relevant, few methods have been developed for quantification of SFD in pharmaceuticals and other matrices, including chromatographic methods [@bib5], [@bib6], [@bib7], [@bib8] and fluorescence [@bib9]. These methods are usually expensive, time consuming, require sample pre-treatments in some cases, and involve great labor [@bib10]. However, the electrochemical methods present good advantages for drugs detection, such as high sensitivity, accuracy and precision, simplicity, low cost, and less tedious work during sample preparation procedures [@bib11]. Tadi et al. [@bib10] described a method for SFD determination using a pencil graphite electrode chemically modified with molecular imprinting technology. This sensor, under optimized conditions, has very low detection limit of 0.02 nmol/L and two linear ranges from 0.05 to 1100 nmol/L and 1.1 to 48 μmol/L with sensitivity values of 1.168 and 0.012 µA/µmol/L, respectively. The sensor was applied successfully in analysis of SFD in spiked human serum and ground water samples. Wei et al. [@bib12] developed a novel sensor based on glassy carbon electrode (GCE) modified with molecularly imprinted polymer and grapheme oxide for SFD determination. The sensor was characterized using scanning electron microscopy, cyclic voltammetry (CV), and electrochemical impedance spectroscopy and square-wave voltammetry (SWV). Under optimized conditions, the intensity of the oxidation peak current of SFD showed two linear dynamic ranges from 10 to 1000 ng/mL. Although these studies showed good results, the use of bare GCE has some advantages, such as dispensing tedious steps modification, low cost, and ease of use [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21]. In this sense, to the best of our knowledge, this is the first time that an electrochemical sensor based on bare GCE was applied to the quantification of SFD in pharmaceuticals and fluid biologics.

2. Experimental {#s0010}
===============

2.1. Chemicals {#s0015}
--------------

The entire chemicals were of analytical grade and were used without further purification. A stock solution of 10.0 mmol/L SFD was prepared in a medium of Britton-Robinson Buffer Solution (BRBS, 0.1 mol/L), which was prepared by mixing equimolar amounts of phosphoric acid (85.0%), acetic acid (99.8%), and boric acid (99.5%) and then its pH was adjusted with 1.0 mol/L sodium hydroxide solution.

2.2. Apparatus {#s0020}
--------------

The voltammetric measurements were carried out on an Autolab PGSTAT 128N (Metrohm Autolab B.V., Utrecht, and The Netherlands) potentiostat/galvanostat controlled by NOVA 1.10.4 electrochemical software. The three-electrode electrochemical cell was set with GCE (*A* = 0.07 cm^2^) as a working electrode, an Ag/AgCl 3.0 mol/L KCl electrode as a reference electrode, and a platinum wire as a counter electrode. The pH measurements were done with a calibrated pH meter with standard buffers at room temperature.

2.3. Electrode preparation procedure {#s0025}
------------------------------------

The GCE was polished using alumina (0.05 μm) to obtain a mirror effect and then rinsed with plenty of water. The electrode was then conditioned in 0.1 mol/L sulphuric acid by 10 successive CV scans (from 0.0 to +1.4 V) at a scan rate of 0.5 V/s. In the CV, SWV, and chronoamperometry (CA) experiments, the electrode was always polished between measurements.

2.4. Voltammetric and chronoamperometric measurements {#s0030}
-----------------------------------------------------

The electrochemical behavior of SFD on GCE was first investigated by the CV method. A volume of 10.0 mL of 0.1 mol/L BRBS (pH = 2.0) containing 1.0 mmol/L of SFD was placed in the glass electrochemical cell and the electrochemical behavior of SFD on GCE was investigated by the CV at scan rate of 50 mV/s over the potential range from +0.5 to +1.4 V. Also, the scan rate was varied from 10 to 250 mV/s in a potential range of +0.5 to +1.4 V. In order to study the effect of pH on the electrochemical behavior of SFD at GCE, cyclic voltammograms were recorded for 1.0 mmol/L SFD in 0.1 mol/L BRBS with pH varying from 2.0 to 9.0 at 50 mV/s.

The analytical method was developed by SWV and CA. In SWV, the potential pulse amplitude (*a*), step potential (Δ*E*s) and frequency (*f*) were considered as parameters to assess the optimum experimental performance for quantification of SFD using the GCE. An aliquot of 10.0 mL of 0.1 mol/L BRBS (pH = 2.0) containing 0.1 mmol/L SFD was placed in the glass electrochemical cell and potential pulse amplitude was varied from 10 to 100 mV with *f* = 50 s^−1^ and Δ*E*s = 1 mV. The Δ*E*s was varied from 1 to 10 mV with *a* = 50 mV, *f* = 50 s^−1^, the frequency was varied from 10 to 80 s^−1^ with *a* = 50 mV, Δ*E*s = 4 mV.

In CA method, the time (*t*) used was 0--100 s, applying a fixed potential at +1.06 V vs. Ag/AgCl in various SFD concentrations for the same buffer concentration and pH used in SWV method.

The best experimental condition for SFD analysis with SWV method using the GCE was obtained in 0.1 mol/L BRBS (pH 2.0) at *a* = 50 mV, Δ*E*s = 4 mV, and *f* = 70 s^−1^. The linearity of the method was evaluated by preparing ten SFD solutions with concentrations varying from 5.0 to 74.7 μmol/L on three different days. The results were plotted as a calibration curve and the linear correlation coefficient was determined by linear fitting.

The limits of detection (LOD) and limits of quantification (LOQ) were determined using the ratio of 3*σ*/*b* and 10*σ*/*b*, respectively, where *b* is the slope of the calibration curve and *σ* is the standard deviation value from ten voltammograms of the blank previously determined, according to the IUPAC recommendations [@bib22]. The intra-day precision was evaluated by six measurements of 60.0 μmol/L SFD on the same day and the mean of peak currents was compared with value on calibration plot. The inter-day precision was evaluated by measurements of 50.0 μmol/L SFD on different days (six days) and the mean of peak currents was compared with value on calibration plot. The interference study was evaluated by comparing the current of SFD signal in absence and presence of interfering substances on the ratio of 1:100.

After optimizing the experimental parameters, square-wave voltammograms of SFD were recorded to quantify the antibiotic in otologic solution, human urine and serum by standard addition method.

2.5. Preparation of samples for quantification of SFD by SWV {#s0035}
------------------------------------------------------------

### 2.5.1. Otologic solution {#s0040}

The developed voltammetric method was tested for determination of SFD in pharmaceutical formulations. Otologic solution of SFD was purchased from a local drugstore. According to the manufacturer\'s information, each of 10 mL volumetric flasks contained 0.1 g of SFD. In order to determine the amount of SFD, 100 µL of pharmaceutical sample solution was transferred to the flask, and the final volume was completed with 0.1 mol/L BRBS, pH = 2.0 (this solution was named solution A). A volume equal to 50 µL of solution A was diluted in a 10 mL volumetric flask and the final volume was completed with 0.1 mol/L BRBS, pH = 2.0 (this solution was named test solution). The test solution was placed in an electrochemical cell and SFD concentration was determined by the standard addition method.

### 2.5.2. Human serum spiked {#s0045}

Three drug-free human blood samples (10 mL) obtained from healthy volunteers were allowed to rest for 20 min to complete blood clotting and then centrifuged (1500 *g* for 15 min at 20 °C) to separate the serum from the solid portion. An aliquot of 50 µL of serum and 100 µL of 1.0 mmol/L SFD standard solution were transferred to a 10 mL volumetric flask, and the final volume was completed with 0.1 mol/L BRBS, pH = 2.0. This final solution was placed in an electrochemical cell and SFD concentration was determined by the standard addition method.

### 2.5.3. Human urine spiked {#s0050}

Three samples of human urine (10 mL) were collected from volunteers and stored at temperature of approximately 4 °C. An aliquot of 200 µL of 1.0 mmol/L SFD standard solution was added to the urine samples (3.0 mL) and the final concentration obtained was 300 μmol/L. This spiked urine sample was diluted ten times in the electrochemical cell with 0.1 mol/L BRBS (pH = 2.0). The concentration of SFD was determined by standard addition method.

3. Results and discussion {#s0055}
=========================

3.1. Electrochemical behavior of SFD at GCE {#s0060}
-------------------------------------------

Iinitially, the electrochemical behavior of SFD in 0.1 mol/L BRBS (pH = 2.0) was investigated by CV at 50 mV/s over the potential range of +0.5 V to +1.40 V. As shown in [Fig. 1](#f0005){ref-type="fig"}, an oxidation peak was observed at +1.06 V in direct scan and no peak was observed in reverse scan, indicating that the SFD oxidation is irreversible.Fig. 1Cyclic voltammograms of 0.1 mol/L Britton-Robinson Buffer Solution (BRBS, pH = 2.0) in absence (black line) and presence (red line) of 1.0 mmol/L SFD. *ν* = 50 mV/s.Fig. 1

3.2. Effect of pH on electrochemical behavior of SFDop {#s0065}
------------------------------------------------------

The effect of pH of 1.0 mmol/L SFD solution was studied by CV over the potential of +0.5 to +1.4 V at 50 mV/s in the pH range of 2.0--9.0. It was observed that an increase in pH up to 5.0 decreased significantly the current response. For higher pH values, however, the anodic peak current increased ([Fig. 2](#f0010){ref-type="fig"}). It is also observed an increase of width of the peak at half-height with increase in pH values. Thus, the pH of 2.0 was chosen for further analysis of SFD because this value showed higher peak current and smaller width of the peak at half height. The anodic peak potential (*E*~P~) also exhibited a dependence on the pH of solution ([Fig. 2](#f0010){ref-type="fig"}, insert).Fig. 2Cyclic voltammograms of 1.0 mmol/L SFD in 0.1 mol/L BRBS at pH values from 2.0 to 9.0, obtained with the glassy carbon electrode. ν = 50 mV/s. Insert: *E*~P~ vs. pH and *I*~P~ vs. pH plot.Fig. 2

The oxidation peak potentials shifted negatively with increased pH values ([Fig. 2](#f0010){ref-type="fig"}), and the regression equations can be expressed as EP (V) = −0.052 pH + 1.32 (R = 0.997), indicating that protons are directly involved in the oxidation. Although the Nernst equation is mostly applied to reversible systems, such values may also be used to predict the proton/electron transfer ratios in either SFD irreversible redox processes. The slope obtained for the SFD oxidation process (0.052 V/pH) is close to the number expected from the Nernst equation (0.0592) when the number of protons and electrons involved in the oxidation electrochemical reaction are equal. The number of protons and electrons was obtained using the formula *E*~Pa~ -- *E*~Pa/2~ = 47.7 mV/*α*×*n* [@bib23], where *E*~Pa~, *E*~Pa/2~, *α* and *n* are potential peak, potential peak at half-height, electronic transfer coefficient, and number of electrons, respectively. The obtained values of *E*~Pa~ from voltammograms in [Fig. 1](#f0005){ref-type="fig"} are equal to 1.06 V, *E*~Pa/2~ equal to 0.96 V, *α* equal to 0.5 (for most irreversible system α can usually be approximated to 0.5), the number of electrons transferred (*n*) in the oxidation of SFD was 1.0. Thus, one proton and one electron were involved in oxidation reaction. The structure of SFD is very similar to *p*-aminobenzoic acid [@bib24] and *p*-aminobenzene sulfonic acid [@bib25]. According to these results the oxidation process at +1.06 V is due to formation of free radicals in the amino group (electrochemical step) and immediately, two free radicals rapidly combined together, forming a molecule of hydrazobenzene sulfonamide (chemical step). Thus, the probable oxidation reaction may be in amino group, as shown in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3Reaction of SFD oxidation at glassy carbon electrode in 0.1 mol/L BRBS (pH = 2.0).Fig. 3

3.3. Effect of scan rates on CV {#s0070}
-------------------------------

The effect of the potential scan rate on the GCE electrochemical response was also investigated ([Fig. 4](#f0020){ref-type="fig"}A). The plot of the *I*~P~ vs. square root of the potential scan rate (*ν*^1/2^) for 1.0 mmol/L SFD solution in 0.1 mol/L BRBS (pH 2.0) resulted in a straight line ([Fig. 4](#f0020){ref-type="fig"}B), which relationship is given by *I*~P~ (µA) = 0.34 + 2.20 *ν*^1/2^ (R = 0.999), suggesting that the electrochemical process is controlled by diffusion. Moreover, a linear correlation was obtained in the log *I*~P~ vs. log *ν* curve ([Fig. 4](#f0020){ref-type="fig"}C) which relationship is given by log (*I*~P~/µA) = −5.60 + 0.49 log (*ν* / mV/s) (R = 0.999). This slope (0.49) is very close to the theoretical values reported in literature for diffusion-controlled processes [@bib23], [@bib26].Fig. 4(A) Cyclic voltammograms of 0.1 mmol/L SFD in 0.1 mol/L BRBS, pH = 2.0, obtained on GCE at different scan rates: 10 (a), 20 (b), 30 (c), 40 (d), 50(e), 60 (f), 70 (g), 80 (h), 90 (i), 100 (j), 110 (k), 120 (l), 130 (m), 150 (n), 160 (o), 170 (p), 190 (q), 200 (r), 210 (s), 220 (t), 230 (u), 240 (v), and 250 (w)mV/s. (B) *I*~P~ vs. *ν*^1/2^ plot. (C) log (*I*~P~) vs. log (*ν*) plot.Fig. 4

3.4. Analytical determination of SFD by SWV and CA {#s0075}
--------------------------------------------------

In order to obtain an analytical curve for the determination of SFD by SWV, square-wave voltammograms of SFD oxidation were obtained for different concentrations of SFD ([Fig. 5](#f0025){ref-type="fig"}) in 0.1 mol/L BRBS (pH 2.0) after optimization of the experimental parameters (*a* = 50 mV, Δ*E*s = 4 mV and *f* = 70 s^−1^)Fig. 5Square-wave voltammograms of SFD electrooxidation obtained with a glassy carbon electrode under optimized conditions. SFD concentrations: (a) 0.0, (b) 5.0, (c) 10.0, (d) 20.1, (e) 30.1, (f) 40.2, (g) 50.0, (h) 60.3, and (i) 74.7 μmol/L. Parameters: Δ*E*s = 4.0 mV, *f* = 70 s^−1^ and *a* = 50 mV. Insert: calibration plot.Fig. 5

The CGE showed a linear response range from 5.0 to 74.7 μmol/L ([Fig. 5](#f0025){ref-type="fig"}, insert) as expressed by equation *I*~P~ (µA) = − 0.171+ 0.067C~SFD~ (µmol/L) (R = 0.999).

A detection limit of 0.92 μmol/L and a quantification limit of 3.10 μmol/L were determined using the ratio of 3*σ*/*b* and 10*σ*/*b*, respectively.

In order to obtain an analytical curve for the determination of SFD by CA, chronoamperograms were obtained by varying SFD concentration from 49.7 to 476.3 μmol/L. The chronoamperograms in different SFD concentrations and *I*~P~ vs. C~SFD~ plot are showed in is shown in [Fig. 6](#f0030){ref-type="fig"}.Fig. 6Chronoamperometric measurements of SFD electrooxidation obtained with a glassy carbon electrode in different SFD concentrations: (a) 0.0, (b) 49.7, (c) 99.0, (d) 147.7, (e) 196.0, (f) 243.1, (g) 338.0, and (h) 476.3 μmol/L. Insert: Calibration plot.Fig. 6

The CGE showed a linear response range from 49.7 to 476.3 μmol/L ([Fig. 6](#f0030){ref-type="fig"}, insert) as expressed by equation *Q* (µC) = +1.74 × 10^−5^ + 0.604C~SFD~ (µmol/L) (R = 0.995).

3.5. Inter-day and intra-day precision {#s0080}
--------------------------------------

The intra-day precision of the proposed method was determined by successive measurements of peak current (*n* = 6) in 60.0 μmol/L SFD solution in 0.1 mol/L BRBS (pH 2.0). When these repeated peak current values were compared with the initial values, relative standard deviation was of 3.51%, indicating a good intra-day precision of the proposed voltammetric method. The inter-day precision was evaluated by measuring the peak current of the 50.0 μmol/L SFD solution over a period of six days. A good RSD value (5.01%) was also obtained. Hence, it is possible to conclude that the SWV-GCE approach for SFD determination provides results with adequate precision.

3.6. Interference study {#s0085}
-----------------------

The selectivity of the proposed method for SFD determination was tested by the assessment of the effect of possible interfering compounds that commonly occurring in pharmaceutical formulation human serum and urine (magnesium stearate, microcrystalline cellulose, glycine, uric acid, ascorbic acid, and citric acid). Solutions of these compounds were freshly prepared at an SFD solution/interferent compound concentration ratio of 1:100 under the same conditions used for 20 μmol/L SFD in 0.1 mol/L BRBS at pH 2.0.

The analytical response was monitored and compared with the signal obtained from the pure SFD solution ([Table 1](#t0005){ref-type="table"}). The results revealed that the proposed method is selective for SFD if the interferents did not affect the anodic current of the antibiotic under the tested concentration.Table 1Effect of some possible interfering compounds on the determination of SFD. C~Interfering\ compound\ added~ = 2.0 mmol/L; C~SFD~ = 20.0 µmol/L.Table 1Interfering compoundRelative response (%)Magnesium stearate95.6 ± 4.7Glycine96.8 ± 3.6Microcrystalline cellulose96.0 ± 2.7Uric acid99.2 ± 1.9Ascorbic acid95.7 ± 2.1Citric acid96.9 ± 0.5

3.7. Determination of SFD and recovery tests {#s0090}
--------------------------------------------

The accuracy of the SWV-GCE method and the possibility of matrix interferences were further checked by performing analytical recovery experiments. The treatment with SFD in usual dosage may result in maximal concentrations in human serum of this drug of 4.4--15 mg/100 mL (584.0--871.0 μmol/L) and the excretion of SFD in free form results in maximal concentrations of 235.5--508.2 mg/100 mL (13,600--29,528 μmol/L). In this sense, the human serum and urine samples were fortified with SFD by adding precise amounts of the drugs to those biological fluids [@bib27].

Precise amounts of SFD were added into otologic solution, human urine and serum samples, and the recovery percentage values were calculated from the actual and added SFD concentrations ([Table 2](#t0010){ref-type="table"}). It can be clearly observed that there was no influence of the matrix on the response obtained by SWV-GCE.Table 2Results of SFD determination in otologic solution, human urine and human serum samples.Table 2SampleAdded (μmol/L)[a](#tbl2fna){ref-type="table-fn"}Found (μmol/L)[a](#tbl2fna){ref-type="table-fn"}Recovery (%)[b](#tbl2fnb){ref-type="table-fn"}Otologic solution4041.5 ± 0.9103.7 ± 2.24546.4 ± 0.8103.1 ± 1.75053.3 ± 0.5106.6 ± 1.0Human urine3031.1 ± 0.1103.6 ± 0.33535.4 ± 0.1101.1 ± 0.24040.1 ± 2.0100.2 ± 5.0Human serum2020.6 ± 0.4103.0 ± 2.02524.8 ± 1.199.2 ± 4.43029.8 ± 0.499.3 ± 1.3[^1][^2]

4. Conclusions {#s0095}
==============

This work demonstrated that the SWV-GCE method can be used to quantify SFD in otologic solution, human urine and serum, showing better detection limit and linear range than the chronoamperometric method. Under optimized conditions, the anodic peak current was linear for SFD concentrations from 5.0 to 74.7 µmol/L with a detection limit of 0.92 µmol/L. Satisfactory recovery results were obtained in the determination of SFD in otologic solution, human urine and serum, indicating that the GCE was also successfully applied in these kinds of samples. The SWV involving GCE is a simple, rapid, sensitive, precise, accurate and environmentally-friendly approach that does not need sophisticated instruments or any separation step, allowing the analysis of SFD without laborious and time-consuming procedures.
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[^1]: *n* = 3.

[^2]: Recovery percentage = (C~SFD\ Found~/C~SFD\ Added~) × 100%.
